The paper focused on the estimation of aboveground biomass and its carbon stock in the vegetation cover on the territory of the High Tatras twelve years after a large-scale wind disturbance. Besides biomass quantification of main plant groups (i.e. trees and ground vegetation) we considered plant components with special regard to carbon rotation rate. The measurements were performed on two transects each containing 25 plots sized 4 × 4 m. Height and stem diameter of all trees on the plots were measured and used for biomass estimation. To quantify the biomass of ground vegetation, six subplots sized 20 × 20 cm were systematically placed on each plot and the aboveground biomass was harvested. The plant material was subjected to chemical analyses to quantify its carbon concentration. The study showed that while the wind disturbance caused dramatic decrease of carbon stock, young post-disturbance stands with abundant ground vegetation, represented large carbon flux via litter fall. Twelve years after the wind disturbance, the trees contributed to carbon stock more than the ground vegetation. However, the opposite situation was recorded for the carbon flux to litter that was related to the dominance of annual plants in the above-ground biomass of ground vegetation. The carbon stock in the biomass of young trees and ground vegetation represented about 8,000 kg per ha. The young stands manifested a dynamic growth, specifically the aboveground biomass increased annually by one third. The results confirmed different carbon regimes in the former old (pre-disturbance) and sparse young (post-disturbance) stands.
Introduction
Climate change is not only an environmental issue, but recently it has been become a serious "civilisation problem". It can have huge negative consequences on human being welfare or even on human existence all over the world (Moran et al. 2010 ). Climate change is to main extent caused by the increasing of CO 2 in the atmosphere which is prevailingly induced by combustion of fossil fuels. A significant contribution to this process is made by the changes in the landscape use, especially in the form of deforestation, a problem typical for developing countries (MacDicken et al. 2015) . Luckily, the oceans as well as terrestrial vegetation cover are able to absorb more CO 2 than they usually emit. Forest ecosystems are the second largest pool of carbon after the oceans. For instance, Dixon et al. (1994) estimated that as much as 80% of aboveground and 40% of belowground (soil, litter, roots) terrestrial carbon is fixed in forests.
It is evident that sustainable development of forests and increasing wood stocks are becoming more ecological than an economical task. Carbon sequestration is currently the most important component of forest ecosystem services (Thorsen et al. 2014) . At the same time, carbon sequestration in the tree biomass and in the soil can be partly controlled via forest management. The management should focus on forest protection against harmful agents, stimulation of wood increment and preservation of forest soils.
Increasing forest disturbances in temperate forests triggered by climate change (Seidl et al. 2011 ) emphasised the need for new knowledge about possible preventive measures that would support the decision making process of forest management. Forest destruction caused by windstorm or other harmful agents brings besides other problems the negative effect on the carbon balance in the landscape (e.g. Dale et al. 2001) . Destruction of for-est stands means the loss of some parts of carbon stocks in tree biomass (Lindroth et al. 2009 ). Furthermore, it stimulates carbon emission from the forest soils, and this problem is most relevant in the case of uprooted trees and disturbed soil medium (Liechy et al. 1997 ). Restitution to the former state (before the disaster episode) takes a couple of decades. Duration of this reversible process is related to time periods of forest regeneration and soil reclamation, while both are regulated by post-disturbance forest management (Fischer et al. 2002) . Forest ground vegetation changes rapidly after forest disturbance and in early-successional stages it is formed by non-woody vegetation (Swanson et al. 2010) . Consequently, carbon fluxes are also highly dynamic. Although ground vegetation sequestrates some carbon and ecosystem productivity recovers very fast (Williams et al. 2013) , from the long-term perspective it is not as efficient as tree cover and often delays or slow down forest regeneration (Hansen 2014) .
In general, forest growing stocks (i.e. carbon pool) have been gradually increasing in Slovakia. Specifically, the stock of Slovak forests increased by 7.7% in the last decade (Ministry of Agriculture and Rural Development 2016). However, the last few decades in Europe have been characterised not only by increasing volume but also by increasing frequency of disturbance processes. In Slovakia, the incidental felling during the last decade made as much as 42 million m 3 of calamity wood, which was about 53% of the total annual cut (Kunca et al. 2016 ). An extraordinarily large windstorm disturbance was recorded in 2004. The windstorm heavily damaged especially spruce stands. These were subsequently infested by bark beetles resulting in mortality of large forest complexes. Another large scale wind disturbance occurred in 2014 and again, the most serious damages were found in spruce forests. The most intensive wind and bark beetle damage to forests was in the High Tatra Mountains (Nikolov et al. 2014; Økland et al. 2016 ). There, a considerable part of old forest stands was destroyed and colonised particularly by non-woody ground vegetation (Šoltés et al. 2010; Máliš et al. 2015) . Later, the postdisturbance areas were covered by sparse young forest stands with ground vegetation in treeless gaps. In spite of the fact that many large post-disturbance areas currently exist in Slovakia, there is very little information on biomass of their ground vegetation. There are no works focused on carbon stock in post-disturbance vegetation that includes all kinds of plants, i.e. trees and ground vegetation species.
This paper aims at estimating the aboveground biomass and carbon stock in vegetation cover on the territory of the High Tatra Mountains twelve years after the salvage logging that occurred after the wind disturbance in 2004. Besides the quantification of the main vegetation groups (i.e. trees and ground vegetation) we attempted to estimate the biomass of plant components grouped with respect to their carbon rotation rate.
Material and methods

Site and stand description
Our research activities focused on a post-disturbance area arisen after an intensive windstorm that occurred on 19
th November 2004 in the High Tatra Mountains. The storm damaged mostly forests at altitudes between 700 and 1,400 m a.s.l. The disturbance of the forests concentrated prevailingly in a continual belt oriented in a west-east direction and the affected area was approximately 35 km long and 5 km wide (Šebeň 2011) . The wind-disturbed area was managed in three different ways with regard to the degrees of nature protection: from fully-processed calamity wood, through partly-processed calamity wood, up to absolutely untreated parts left exclusively to natural succession. The substantial part of the calamity wood was processed in the years 2005 and 2006. Alike calamity wood processing, forest regeneration was also implemented with regard to the degrees of nature protection in the form of planting, natural regeneration and combination of both approaches. Soil preparation for planting of seedlings was performed manually (hole digging by a hoe).
In 2016 (i.e. in the tenth or eleventh growing season after the salvage logging), the area was prevailingly covered by young forests that originated from both natural regeneration and planting. Open areas among the young forest stands were covered by species adapted to forest clearings, particularly by grasses, herbs and shrubs. The forest soils on the post-disturbance area are mainly cambisols and podzols. The bedrock is predominantly formed by fluvio-glacial sediments of granodiorites. The climate is characterised by low mean annual temperatures (around 4.0 °C), high precipitation amounts (about 1,000 mm) and over 120 days of snow cover (Vološčuk et al. 1994) .
To study the carbon stock in trees and ground vegetation, two research transects -one near the site called "Danielov dom" (hereinafter as DD transect) and another one close to the Horný Smokovec village (hereinafter as HS transect) were established. The forests at the localities are managed by the State Forests of the Tatra National Park. Both sites belong to the territory with the lowest degree of nature protection. Thus, the post-disturbance management at these sites was represented by full-area processing of calamity wood and combined (both planting and natural regeneration) reforestation.
The transects are located in the central part of the disturbed belt. The orientation of both transects is from Northwest to Southeast. The altitude of the DD transect varies between 970 -1000 m.a.s.l and that of the HS transect between 920 and 950 m.a.s.l. The transects were 4 m-wide, on which 4 m-long plots for tree measurements were placed and were isolated by 8 m-long gaps without any measurements to ensure that the plots were independent entities. The total length of the DD transect as well as the HS transect was 300 m, i.e. each transect comprised 25 plots. The corners of each plot were fixed with wooden pegs hammered in the soil. All young trees occurring on the plots higher than 10 cm were labelled with a code written on a metallic tag.
Measurements and calculations
The field measurements of trees were performed in the first half of the growing season 2016 (after the entire new leaves were out). We recorded species, tree height and diameter at stem base (d 0 hereinafter) for all labelled trees on the plots. Altogether, about 380 and 320 individuals were measured at the DD transect and HD transect, respectively.
The standing stocks of the tree aboveground biomass as well as its components (stem, branches and foliage) were estimated from tree measurements (height and diameter d 0 , i.e. independent variables) using speciesspecific allometric relations; see also Konôpka et al. (2015) . The stock was calculated separately for each transect, first at a plot level (as a sum of all trees on the plot), then as a mean value from the 25 plots.At the same time, two groups of tree components were considered: (1) foliage with fast turnover (shortly fixed carbon) and (2) stem plus branches with slow turnover (carbon fixed for a long period). In addition to biomass standing stock of trees, we attempted to estimate the amount of biomass (carbon) annually "lost" from the living trees in form of the annual foliage fall.In the case of deciduous species (broadleaved and larch), the annual foliage fall equals the foliage stock. As for spruce trees, the annual foliage fall was calculated as 1/5 of their autumn standing stock (see e.g. Schmidt-Vogt 1977; Sander & Eckstein 1994 ) and for pine as 1/3 of the needle stock in autumn (Konôpka et al. 2003) . To estimate the carbon amount in tree foliage, the concentrations of this element were taken from our previous work dealing with the same sites .
The measurements of ground vegetation were performed in August 2016 -the month with the seasonal biomass stock peak. In order to estimate the average standing biomass of ground vegetation, six subplots sized 20x20 cm were placed at each plot using the randomised selection of spots. Altogether, there were 150 sampling subplots per transect. Prior to biomass sampling, all plant species were identified and recorded at the plot level, and their frequency and cover were estimated at the transect level. The frequency was calculated from the species occurrence on 25 plots (for instance, if the species grew on 10 plots, its frequency at the transect was 40%), and the cover was estimated as an average from non-zero numbers of the plots (for example, if the species was not present on 4 plots, the average was calculated from the values on 21 plots, where it occurred).
From each subplot, all present vascular plants except trees were collected. The sampled aboveground biomass was categorised according to the plant life span to: annual (living for a year), biennial (living for two years), and perennial (living for more than two years). Then, the foliage of biennial and perennial plants with the life span of one year (e.g. foliage of Vaccinium myrtillus) was separated and added to the group of annual (i.e. one-year) biomass. Thus, plant biomass was divided into three groups with regard to the period of carbon fixation in biomass of living plants, i.e. one year, two years and over two years. Then, the six samples (coming from the six subplots) originating from the same plot were merged into one mixed sample. Thus, each plot was characterised by three samples representing three different periods of carbon fixation in biomass of living plants. The plant biomass was ovendried to obtain its constant dry matter (48 hours under 85 °C) and weight with precision ±0.001 g. The dry matter was subjected to chemical analyses (dry combustion method performed by Flash EA 1112 elemental analyser) to quantify carbon concentration. Since the differences in carbon concentrations between the transects were insignificant, single (i.e. the average of 50 plots) values were used to represent carbon concentration in plants with one year, two years and over two years period of carbon fixation in living biomass.
The standing stock of the plants was calculated separately for each transect as an average value from 25 plots (merged biomass from 6 subplots) considering the groups with one year, two years and over two years period of carbon fixation in living biomass. The biomass was scaled up to a hectare and the carbon amount was estimated with regard to its concentration in a specific group of plants (one year, two years and over two years period of carbon fixation in living biomass).
Data archiving and manipulation was performed in Excel, calculations and analyses were done in Statistica 10.0.
results
The basic stand characteristics (expressed as average values for all plots together) were very similar on both transects (Table 1) . While the number of trees and basal area were larger at the DD transect, the mean stem diameter and especially tree height were larger at the HS transect. This contrasting situation was caused mainly by the clearing cut which was performed at the HS transect by the forestry practice in the year 2015. The cut reduced the number of trees, especially of broadleaved species such as Salix caprea and Sorbus aucuparia. Since the cut aimed more at smaller trees, mean diameter and height increased because they were calculated from larger trees unaffected by cut. The transects differed from each other in their tree species composition ( Fig. 1 and  2 ). The DD transect was characterised by the dominance of evergreen species (61.2%), while the HS transect had more deciduous species (60.0%). The species composi-tion of ground vegetation also slightly differed between the transects, but in both cases they represented later successional stages of post-disturbance forest vegetation (i.e. nearly no presence of ruderal species). The most abundant species which contributed to the total biomass most are shown in Table 2 .
The chemical analyses showed that the carbon concentration in foliage varied among tree species from 46.4% (Salix caprea) to 51.1% (Picea abies; Table 3 ). As for ground vegetation, its carbon concentration (excluding root systems) varied from 47.6% in annual plants to 51.8% in perennial plants. Table 2 . Frequency and average non-zero cover of ground vegetation species estimated on 25 plots per each transect (each plot was characterised by one mixed sample, generated from six harvested areas -subplots). Only species with frequency above 20% are listed (the total cover of those with frequency lower than 20% did not reach 5%). The species are divided into three groups depending on the life span of their biomass and ordered by the sum of cover values at both transects. Konôpka et al. (2016) , and for ground vegetation were obtained from the chemical analyses performed in this study.
We found huge differences (up to tenfold) in biomass, and thus also in carbon stock, between the plots at both the DD transect (Fig. 3 ) and the HS transect (Fig. 4) . At most plots, the aboveground biomass of trees prevailed over the biomass of ground vegetation. At some plots, the contribution of ground vegetation to total biomass was very low (e.g. 3% at plot 23 on the HS transect). On the other hand, four plots (e.g. plot 4 at the DD transect) were treeless, i.e. ground vegetation made 100% of plot biomass. We found only weak negative relationship 145 B. Konôpka et al. / Cent. Eur. For. J. 63 (2017) The total carbon amount fixed in the aboveground tree biomass was 6,566 kg per ha and 6,241 kg per ha at the DD transect and the HS transect, respectively (Table  4 and Table 5 ). While the contribution of foliage to the total aboveground biomass of trees was 25% at the DD transect, its share at the HS transect was only 17%. The differences are most probably related to contrasting tree species composition at the transects. As for the ground vegetation, slightly larger carbon amount was at the DD transect (1,851 kg per ha; Table 4) than at the HS transect (1,448 kg per ha; Table 5 ). The results showed that the carbon amount in the tree aboveground biomass was 3.5 times (DD transect) or 4.3 times (HS transect) higher than in the ground vegetation. The reverse situation was in the carbon flux of the annual foliage fall (Table  6 ). The carbon in the annual foliage fall from the trees represented only 43% (transect DD) and 44% (transect HS) of the carbon in the annual ground vegetation fall. At the DD transect, the amount of carbon in the annual tree foliage fall was 614 kg per ha, while the carbon amount in the annual ground vegetation fall was 1,442 kg per ha. Similar amounts of carbon, specifically 547 kg C per ha in the annual tree foliage fall and 1,257 kg in the annual ground vegetation fall were found at the HS transect. The results proved contrasting contributions of evergreen and deciduous tree species vegetation to carbon stock versus the annually transferred carbon from biomass to necromass (i.e. foliage fall; Fig. 5 ). Interestingly, the contributions of all tree species to the total 
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B. Konôpka et al. / Cent. Eur. For. J. 63 (2017) [142] [143] [144] [145] [146] [147] [148] [149] [150] [151] carbon stock in the aboveground plant biomass were similar at both transects (78% and 81%). The differences between the transects were found in the contribution of evergreen and deciduous tree species to the carbon stock, since at the DD transect the evergreen tree species prevailed over the deciduous species, while at the HS transect the situation was reverse. At the same time, the contribution of tree species to the carbon amount in the annual plant fall was very similar at both transects (about 30%). The differences between the tree species were found also in the share of carbon in the foliage fall to the total carbon amount in the aboveground biomass (Fig. 6) . The largest value (13%) was found for Larix decidua and the lowest value for Picea abies (7%). Moreover, we expressed the annual carbon fall per unit of basal area for each species. Again, the largest value was estimated for Larix decidua (82 kg per m 2 ) and the lowest value (34 kg per m 2 ) for Picea abies. These indicators reflect an efficiency for carbon storage in biomass, i.e. which part of carbon in tree biomass is lost via foliage fall.
Our previous results brought figures on the carbon stock (Table 7 ) fixed in the aboveground tree biomass of spruce-dominant forest complexes in the central part of the High Tatra region (state to 1997; see Konôpka et al. Table 7 . Contribution of components to total aboveground tree carbon in pre-disturbance forest stands in the High Tatra region -state to 1997 (Konôpka et al. 2016, modified 2016 for more details). Since the results contained not only the information about the total aboveground parts but also about the specific tree components, we could use those for a detailed comparison with post-disturbance young stands (comments are in the Discussion and conclusion section).
Discussion and conclusion
In general, large scale disturbances in forests, especially windstorms, may temporally interrupt continuity of carbon sequestration in biomass of forest cover (e.g. Seidl et al. 2014) . The length of subsequent restoration of carbon stock fixed in tree biomass depends on the rate of forest regeneration and productivity of newly-arisen stands. Our results showed that one decade after the wind disaster, the total carbon amount fixed in the aboveground biomass of trees was about 6,600 kg and 6,200 kg per ha. The previous estimates in this region showed that the pre-disturbance forests, prevailingly mature spruce stands, contained about 75,000 kg of carbon per ha fixed in the aboveground tree biomass. It means 11 -12 times more carbon in the aboveground tree biomass in old (pre-disturbance) stands than in young (post-disturbance) stands. Moreover, since our previous paper showed the tree carbon stock at the same transects in spring 2015, we can comment on the inter-annual changes. As for the DD transect, the carbon stock in the aboveground tree parts increased by 38% that is a really huge change. The increase at the HS transect was only by 19% because of the reduction of the number of trees by the thinning treatment in the autumn 2015 (the felling decreased the basal area by approx. 20%). Anyway, the inter-annual comparison at the DD transect suggested a very dynamic accumulation of carbon in young stands on the post-disturbance area. That is surely a great difference compared to old stands which can increase their carbon stock in biomass only by a very few percent. This statement conforms with the conclusions of Gower et al. (1996) that the aboveground net primary production declines with age, which is related mainly to changing respiration intensity and carbon gains of trees over their lifespan (Steppe et al. 2011) .
Our results for ground vegetation showed the amount of carbon in their aboveground parts of about 1,900 kg and 1,400 kg per ha. This represents the biomass of late successional stages of post-disturbance vegetation (nearly no occurrence of ruderal plant species). The comparison to other studies from the same study area (Križová et al. 2010; Fleischer & Homolová 2012) showed that this amount is similar to quantities found in the succes- sional stages developed approximately 5 -6 years after disturbance. This suggests that the maximum biomass of ground vegetation is accumulated few years after a disturbance, which was also reported by Palviainen et al. (2005) . If the observed ground vegetation biomass at our transects is compared to the values of mature sprucedominant stands in the High Tatra region (Križová et al. 2010; Fleischer & Homolová 2012) or in the Low Tatras (Pavlenda et al. 2011) , we find that the ground vegetation biomass in mature stands is approx. 6 -14 lower than at the transects.
The measurements at the transects showed that while the tree biomass fixed much more carbon than the ground vegetation biomass, the reverse situation was observed in the carbon flux to litter. Previously we showed that foliage in old (pre-disturbance, spruce dominating) stands made only 6% of aboveground tree biomass. This equals approximately 900 kg of carbon per ha annually lost from trees by annual foliage fall. Our estimates for young post-disturbance stands showed the values of carbon by one third lower. However, if we consider litter originating from ground vegetation, larger amount of carbon rotating via annual fall can be assumed in postdisturbance than in pre-disturbance areas. Our finding concerning much higher portion of annual foliage fall to total aboveground tree biomass in young stands than in old stands conforms to the results of Zhou et al. (2006) . Their general model showed that the proportion of NPP allocated to foliage decreases and to stem increases with stand age until approximately 40 -50 years, and then the proportions of biomass allocated to individual tree components become stabilised.
We would like to point out that our study focused exclusively on the aboveground part of biomass (i.e. living parts of plants) omitting not only belowground parts (roots) of trees and ground vegetation but also necromass (dead parts of plants). As for roots, their higher contribution to total plant biomass might be expected in ground vegetation in comparison to young trees. For instance, under the conditions of Central Slovakia, Máliš et al. (2013) showed that in Calamagrostis epigejos dominated grass-bush community belowground parts contributed to total biomass by 40 -50%. In parallel, Konôpka et al. (2013) estimated the contribution of roots in a young spruce stand at the same site to the total tree biomass only between 22 -24%. Even much higher proportion of belowground biomass of around 65% was reported by Palviainen et al. (2005) and Pyšek (1991) from post-disturbance communities of ground vegetation developed at sites of spruce-dominated stands. These results indicate that the contribution of ground vegetation to total biomass (i.e. above-and belowground parts of ground and tree vegetation together) at our transects would be larger than to aboveground biomass. The quantification of carbon fixed in plant necromass is rather complicated. The necromass includes mainly debris of roots, stumps, possibly branches of old (pre-disturbance) trees, foliage litter accumulated on ground as well as young trees perished mostly due to competition in dense tree clusters. However, we were neither able to measure these data ourselves nor we were able to find any results from other papers focused on the post-disturbance territory of the High Tatras.
Moreover, for a complete view on carbon cycling in vegetation cover, respiratory activity via foliage and soil medium should be included. Here, we can suppose certain differences between old and young stands as for foliage respiration, eventually its ratio to net primary productivity. In principal, the ratio of carbon emitted by foliage respiration to carbon invested to building tree biomass decreases with stand age (Mäkelä & Valentine 2001) . On the other hand, we can expect higher soil respiration intensity in young (post-disturbance) than old (pre-disturbance) stands. This assumption is based on the fact that young stands were sparse, and contained many gaps with a high level of solar energy input. That would stimulate especially heterotrophic part of soil respiration (see also Karhu et al. 2014) .
Concluding our results, we can state different carbon regimes in the compact old (pre-disturbance) and sparse young (post-disturbance) stands in the High Tatra region. The differences were not only in the total amount of carbon fixed in tree biomass, but also in the proportion of carbon from the total tree biomass carbon annually dropped in the form of foliage fall. While the wind disturbance caused the dramatic decrease of carbon stock in the tree biomass, young post-disturbance stands with abundant ground vegetation represented large carbon flux via annual plant fall. In fact, twelve years after the wind disturbance, trees contributed to carbon stock more than ground vegetation. On the other hand, the opposite situation was recorded for carbon flux via annual plant litter that was dominated by annual biomass species (fast carbon turnover, i.e. approx. once a year) in the community of ground vegetation.
